The polarity and the metalation energies of selected organic and inorganic alkali-metal compounds MR (R = H, CH3, NH2, OH, F, a5-C5H5), studied by ab initio pseudopotential calculations, show two types of behavior, both monotonous and nonmonotonous, along the Li-Cs series. The MX bonds in the NH2, OH, F, and q5-C5H5 derivatives are almost completely ionic, and the Li to Cs trends are monotonous. In contrast, alkali-metal hydrides and methides show some covalent character and a nonmonotonous behavior of the metal charges p along the seriespLi > p~~ < p~ < PRb < pes. This trend, which parallels the Allred-Rochow electronegativities of the alkali metals, is attributed to varying covalent u contributions to the MX bonding. The covalent bonding contributions in MH and MCH3 influence the energies of metalation of the NH3, H20, HF, and C5He set and results in nonmonotonous behavior down group I. In contrast, the metalation energies within one of these sets, e.g. the reaction energies of HP with MCH3 or the reaction energies involving only NH2, OH, F, or C5H5 derivatives, are almost independent of the metal.
Introduction
According to textbook wisdom 'the ionic character of the M-C bond increases from Li to CS".~ The real situation is far more complex. More than 30 years ago, Allred and Rochow deduced that the electronegativity of Na isgreater than that of Lie2 Other electronegativity scales (Figure 1) show varying but nonlinear behavior from Li to CS.~ Indeed, the electronegativity of the second member of many other groups appears to be anomalous.3d The changes in the ionization potential of the alkali metals are also not regulai' (Figure 2 ) . We investigate in this paper the variations in the ionicity and the reaction energies in different alkali-metal compounds (MX; X = H, CH3, NH2, OH, F, t5-C5H5 (Cp)). We find two types of behavior.
Despite the importance of alkali-metal organic compounds in synthetic organic chemistry: little is known about the group I (Li-Cs) energetic trends: e.g., the homoand heterolytic X-M (M = Li-Cs) dissociation energies, solvation energies, heata of protolysis reactions, etc. Attempts to measure thermodynamic properties in solution suffer from a lack of information about the exact systems involved? Many alkali-metal compounds form metal compounds can yield data on well-defined species, they have been restricted to very small systems. The questions we wish to answer are as follows. Why do MH and MCHQ show a nonmonotonous behavior of polarity on going from Li to Cs, while derivatives MX of r-donating substituenta (X = OH, NH2, F, Cp) do not? What is the effect of the polarity on the relative metalation energies of NH3, H20, HF, and CpH with MH or MCH3?
We use the pseudopotential methods to study representative alkali-metal model compounds, e.g. to evaluate the polarity and the relative metalation energies. Alkalimetal hydrides and methides serve as models for slightly covalent alkali-metal alkyl derivatives, hydroxides for alkoxides, amides for dialkylamides, and cyclopentadienides for typical *-bound organometallic species.
Computational Methods
Compared to all-electron calculations? the use of pseudopotentials to replace the core electrons considerably diminishes the computational costa for compounds of the heavier elementa K, Rb, and Cs. For consistency, we employed quasirelativistic onevalence-electron pseudopotentials (1-ve-ecp) from Fuentealba et aLSb to calculate the Li and Na compounds. In contrast to the case for the ligher alkali metals, the core polarizability is significant for the heavier alkali metals K-Cs.l0 Thus, we used nine-valence-electron (valence plus n -1 shell) pseudopotentials for K, Rb, and Cs,ll as the implicit frozen-core approximation leads to large errors in a 1-ve-ecp treatment. For C, N, 0, and F, the pseudopotentials of Igel-Mann et al. double-{valence basis set with one d polarization function (DZP) (31/31/1) on carbon13 and a double-{ (DZ) (31) hydrogen basis set from Dunning and Hay.15 For all other optimizations and all single-point calculations, C, N, 0, and F basis seta of double.{ quality13J6 were augmented with d polarization functions14 and a single diffused sp set1' (311/311/1). The hydrogen basis set was of triple-{ quality with two uncontracted seta of p functions (31 1/ 11).
All geometries were optimized at HartreeFock level (HF), using the gradient optimization techniques implemented in the GAUSSIAN 88lS and GAUSSIAN 9020 program packages. For K-Cs, the metalaubstituent distances d(M-S) of all species with the exception of MCp were optimized at the MP2(FU) level with fixed HF geometry for the substituent (by fitting a set of singlepoint calculations to a third-order polynomial). The optimization procedure for MCp was somewhat different from that for the other compounds. All alkali-metal cyclopentadienides were first optimized at the HF level with the smaller (3111/3111/2) basis seta for K, Rb, and Cs, the (31/31/1) DZP carbon basis, and the DZ basis for hydrogen. The fixed-ring geometry was used to optimize the M-ring distances at the HF and MP2 levels with the extended metal basis seta (21111/21111/2) for K, Rb, and Cs. We assume the smaller basis set without diffuse functions on carbon to be sufficient for geometry optimizations, since the negative charge on the substituent is delocalized. However, for the evaluation of the total energies (MP2) and for the population analyses, we carried out single-point calculations using the extended basis seta for the metals, carbon, and hydrogen. Substituent (CH3, NH2, OH, and Cp) geometries were not optimized at the MP2 level since the influence of electron correlation on the geometries is expected to be small, as was shown with M = Li, Na (cf. Appendix, Table V ). The very small effects of valence correlation on the MX distances with M = Li, Na also have been neglected (cf. the MP2 all-electron calculations for Li and Na species in Table V) .
Electron correlation effects on the relative energies were corrected by single-point calculations with second-and fourthorder Maller-Plesset perturbation theory (MP2(FU) and MPISDTQ(FU)) at the HF-optimized geometries for Li and Na and at the MP2-optimized geometries for K-Cs. Natural population analyses (NPA)*l of the SCF densities also have used these geometries. Relative energies were not corrected for zeropoint energies, as these contributions are quite small.
Results and Discussion
A. Population Analysis of the Wave Function. The Allred-Rochow electronegativity scale2 indicates that Na is more electronegative than Li, while the electronegativity slightly decreases from Na to Cs. Only a few other scales also show a nonmonotonous trend along the series Li-Cs (see Figure 1 ). However, in most of the electronegativity scales that exhibit a monotonous increase within group I from Cs to Li, the curve flattens somewhat on going from is only significant throughout the second set of compounds (MH, MCH3) and, to a lesser extent, for the Li and Na species of the ionic set of compounds. The s populations for MH and MCHJ correlate with the Allred-Rochow electronegativities (note that this also holds true for the much smaller s populations in MNH2). d2z populations are appreciable for all Cs species (with the exception of CsCp) but exceed the s populations only for CsNH2, CsOH, and CsF. Significant A populations are found for LiNH2, CsNHz and LiCP, NaCp, and CsCp. While the net populations of the MH and MCH3 derivatives are mainly due to the u contributions (mainly 8, but for Cs also some d, z contributions), the net populations are a s u m of 8, p, and d populations (a + A contributions) in MNHz, MOH, MF, and MCp. Cp-is known to be a strong A donor. This is apparent in the alkali-metal cyclopentadienides: the metals exhibit higher A than u p0pulations.~5 Note that in the highly ionic alkali-metal derivatives Cp-acta as a u and a A donor, whereas in the more covalent transitionmetal compounds it is a u donor and a A acceptor.% We find it useful to distinguish between u and a electronegativity following the concept of orbital electronegativity by Hinze, Whitehead, and Jaff6.27 These authors conceive electronegativity as a property of an atom not in ita ground state but in ita valence state. The alkalimetal compounds studied here can roughly be separated into slightly covalent a-bound derivatives (MH, MCH3) and into the more ionic compounds where u and a orbitals are involved (MNH2, MOH, MF, MCp). The u electronegativities dominate in MH and MCH3. In these compounds Li is less electronegative than Na. The polarities parallel the alkali-metal electronegativities of the AllredRochow scale, which can be conceived in these cases as a a-electronegativity scale. In species with the more electronegative, potentially *-donating substituents (NH2, OH, F, Cp), however, a electronegativities also have to be considered. The sums of the u and the A populations, and thus the electronegativities, appear to be almost equal for all the alkali metals. As a result, a small decrease of the metal net populations from Li to Rb and a small increase from Rb to Cs are observed for these derivatives.
B. Reaction Energies. Since covalent contributions strengthen the bonds, the different degrees of ionicity influence the relative metalation energies of alkali-metal compounds. The metalation energies of NH3, H20, HF, and CpH with MCH3 (eqs 2-5) are all exothermic but exhibit a nonmonotonous trend (see Figure 4 and Table  111 ) along the series Li-Cs. While these reaction energies decrease from Cs to Na, they increase from Na to Li. The reaction energies of MH with NH3, HzO, HF, and CpH (e.g. eqs 6 and 7; see Table IV) show a similar behavior. In contrast, the reaction energy of MCH3 with Hz is almost independent of the metal (eq 1). The metal independence also is found for metalation reactions involving only MNH2, Thegapafter the first tworowsshows theseparation between"slight1y covalent" (above) and fully ionic (below) species. One-valence-electron effective core potentials (1-ve-ecp's) are given for Li and Na, 9-ve-ecp's are given for K-Cs and 4-, 5-, 6-, 7-ve-ecp's are given for C, N, 0, and F. Basis set contraction scheme: Li, Na (211/31/1); K-Cs (21111/ 21111/11); C, N, 0, F (311/311/1); H (311/11). HF-optimized geometries (Li, Na) and MP2-optimized geometries (K-Cs) were used and are specified in Table V. >. Table I .
Na to Li (e.g. M~l l i k e n ,~~ Allen,3d Pauling2). The metal electronegativity should be an indicator for the polarity of the Mx (M = Li-Cs) bonds. Schade and SchleyerZ2 found earlier that the metal charge in NaCH3 is less than in LiCH3. Similar behavior was noted for LiH and NaH by Bader.23
The NPA metal charges for the alkali-metal hydrides, methides, amides, hydroxides, fluorides, and cyclopentadienides and the Allred-Rochow electronegativities2 for the alkali metals (cf. Table I ) are plotted in Figure 3 . We find two different polarity trends: while the charges p in MNH2, MOH, MF, and MCp increase smoothly from Li to Rb, the charges for the hydrides and methides exhibit a nonmonotonous trend pLi > P N~ < PK < pRb < pes. The metal charges are in general significantly higher for MNHz, MOH, MF, and MCp than for MH and MCH3. Hence, we define two groups of alkali-metal compounds: the almost completely ionic derivatives of highly electronegative substituents MX (X = NH2, OH, F, Cp) with ~-d o n a t i n g~~ character and more covalent derivatives with less electronegative and almost exclusively a-donating substituents A more detailed analysis of the natural populations (see Table 11 ) shows that the s-orbital occupation on the metal Table I1 for quantitative evaluations).
(MH, MCH3 (34% H, NH2, OH, F, Cp) Table I . Net u population. Table I .
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MOH, MF, or MCp and NH3, HzO, HF, or CpH (see, e.g., eq 8; Table IV ). The other reaction energies of this type can easily be evaluated by subtracting the appropriate reaction energies of eqs 2-5. For comparison, reaction energies for eqs 6-8 also were calculated from experimental homolytic dissociation energies (De) and are displayed together with the theoretical values in Figure 5 . The agreement is reasonable in view of the large uncertainty (ca. >f4 kcal/mol) of the experimental data ( Table IV) . compounds. For the second group (MH, MCH3), the reaction energies are independent of the metal because the covalent bonding contributions and thus the stabilities run parallel in the hydrides and in the methides. The reaction energies for a given metal are governed by the relative stabilities (basicities) of the free anions (H-, CH3-, NH2-, OH-, F-, and Cp-). Only for H-vs NH2-is the order reversed compared to MH vs MNH2.32 The Allred-Rochow electronegativities2 estimate the relative polarity of the slightly covalent MH and MCH3 compounds well, as can be seen from Figure 3 . The AllredRochow scale is based on the Slater which estimate the shielding of nuclear charge by inner shells. The Slater rules, combined with the covalent radii, express the effective potential which binds a valence electron, i.e. its ionization potential
The electronegativity scale of Zhang,3b which was derived directly from experimental ionization potentials, shows a trend similar to that for the Allred-Rochow scale. According to the Slater rules,33 an electron of the n -1 shell contributes less (0.85 au per electron for the n -1 shell, cf. 1.00 au for the n -2 etc. shells) than a unit charge to the shielding of the nuclear charge. Since the n -1 shell of Li consists only of two electrons (in contrast to the n -1 shell of the heavier alkali metale, which consists of eight electrons), the nuclear charge is better shielded ( & f is less;) for Li than for NaCs. We stress that it is Li and not Na which steps out of a monotonous line of the electronegativity. The better shielding of the nuclear charge in Li can also be seen in the ionization potentials: the first ionization potential increases from Cs to Li due to the decreasing valenceelectron to nucleus distances (covalent radii). However, the IP for Li is smaller than expected by extrapolation from K to Na4 (see Figure 2) due to the better shielding provided by the n -1 shell. Hence, an inherent atomic property-the relatively efficient shielding of the nuclear charge by the 1s electrons in Li (apparent in the first IP and the electronegativity scales by Allred-Rochow and by Zhang)-gives reason for the nonmonotonous behavior of ionicity in the slightly covalent compounds MH or MCH3 (M = Li-Cs). In contrast, the MX (X = NH2, OH, F, Cp) compounds are almost fully ionic. Moreover, whatever covalency there is shows a monotonous decrease from Li to Rb. Table I .
(1)
MH + HF -MF + H2 (7) MOH + HF -MF + H20 (8) curve to Li would suggest an even smaller reaction energy. Instead, the reaction energy is larger due to the smaller covalent bonding contributions in LiCH3. The same trend is observed for the reactions of MCH3 (or MH) with all HX (X = NH2, OH, F, Cp) compounds to give the MX derivatives. Reaction energies within the more ionic MX aet or within the MH, MCH3 set are essentially independent of the metal. For the first group of species (MX compounds), this is due to the overall high ionicity of the
Conclusions
Li is less electronegative than Na in molecules with significant covalent a-bonding contributions such as MH and MCH3 (a electronegativity). This is reflected in the Allred-Rochow electronegativity scale. In contrast, the MX derivatives with more electronegative substituents (X = NH2, OH, F, Cp) are highly ionic. However, the small covalent contributions have both Q and r character. In these derivatives Li is more electronegative than Na (a + 7r electronegativity) and a smooth increase in polarity is observed from Li to Rb. The different electronic structures of the ionic *-donor compounds MX and the somewhat covalent a-donor systems (MH, MCH3) influence the metalation energies directly. Due to the different degree of covalency, reactions involving MH or MCH3 and NH3, H20, HF, or CpH exhibit nonmonotonous behavior of reaction energies from Li to Cs. On the other hand, reaction energies within one group (the MX/HX set or MH/H2 and MCH3/CH4 set) appear to be essentially independent of the metal. When M is in organometallic derivatives bound to carbon, two kinds of organoalkalimetal derivatives ( u vs u + ?r bonded) must be distinguished, due to their different electronic structure. Our conclusions apply to the isolated gas-phase molecules. The effect of the inverted electronegativity of Li and Na may be reduced or even leveled out in aggregates or solvated complexes of slightly covalent compounds (e.g. alkyl alkali-metal compounds) in which larger contributions from metal p orbitals are expected. Further investigations will be necessary to assess these factors. (d in A, u and 8 in deg) of MX (M = Li-Cs; X = H, (33% NHz, OH, F, Cp) 
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